A B S T R A C T Polymorphonuclear leukocytes suspended in Krebs-Ringer phosphate medium ingest paraffin oil containing Oil Red 0 emulsified with a variety of substances. Spectrophotometric determination of Oil Red O in the cells after uningested particles have been removed by differential centrifugation provides a quantitative measure of phagocytosis. This system has been used to investigate the effects of several drugs and hormones on the initial rate of phagocytosis and to approach the question of how the surface of a particle influences its acceptability as a substrate for phagocytosis. The rate of uptake of paraffin oil emulsified with bovine albumin was constant for 6 min and was proportional to cell concentration when saturating concentrations of paraffin oil emulsion were used. At lower concentrations of substrate, the initial rate of phagocytosis was directly proportional to paraffin oil concentration. The increment in glucose oxidation associated with phagocytosis varied directly with the initial rate of particle uptake. The rate of ingestion of the albumin emulsion was not altered by serum (2-20%, v/v), glucose (5-20 mM), or omission of potassium from the medium. The rate of phagocytosis was decreased 65% if magnesium was omitted, and was essentially zero in the absence of divalent cations. The initial rate of uptake was inhibited by inhibitors of glycolysis, by Nethylmaleimide (0.05-1 mM), colchicine (0.001-0.1 mM), theophylline (1 and 2 mM), dibutyryl cyclic AMP (1 mM), hydrocortisone (2.1 mM), and ethanol (85 mM). Inhibitors of oxidative phosphorylation and dexamethasone (0.01 mM) were without effect, while insulin (2 mU/ml) slightly stimulated the phagocytic rate. Paraffin oil emulsified with different agents was used to approach the question of how the surface of a particle influences its acceptability as a substrate for phagocytosis. Emulsions prepared with nonionic detergents, methylated proteins, and proteins with a weak net charge at pH 7.4 were poorly ingested. On the other hand emulsions prepared with agents of strong net positive or negative charge were rapidly taken up. The effect of divalent cations on the rate of phagocytosis varied with the nature of the emulsifier, but was not related in any simple, direct fashion to the net surface charge of the particles. However, it has not been conclusively established that charge was the only variable of the emulsion particles employed.
INTRODUCTION
Phagocytosis is an integrated series of complex events.
Certain as yet unidentified characteristics of the surface of a particle cause it to be bound to the plasma membrane of a polymorphonuclear leukocyte which then internalizes it. As the phagocytic vesicle is formed and moves centripetally, lysosomal granules discharge their contents into it and disappear from the cytoplasm, a process termed degranulation. These processes are accompanied by several alterations in the metabolism of the phagocytic cell which have been termed metabolic concomitants of phagocytosis. One of these is an increase in oxidation of glucose via the hexose monosphaphate shunt (1) .
The Journal of Clinical Investigation Volume 51 1972 During earlier studies (2) in which phagocytic vesicles were isolated, we observed that paraffin oil, emulsified with bovine albumin, was avidly ingested by polymorphonuclear leukocytes, and that uningested particles were easily washed from the cells. When the paraffin oil was colored with Oil Red O a highly satisfactory assay for the rate of phagocytosis was established. Paraffin oil is only minimally metabolized (3) and is therefore suitable for studies of biochemical responses to phagocytosis as well. As reported below, we have used this system to investigate the effects of several drugs and hormones on the initial rate of phagocytosis and have correlated the initial rate of phagocytosis with the increment in rate of glucose oxidation in cells incubated with varying concentrations of emulsion (substrate for phagocytosis). In addition, as an approach to the question of how the surface of a particle influences its acceptability as a substrate for phagocytosis, we have determined the rates of uptake of paraffin oil emulsified with a variety of substances.
METHODS
Suspensions containing over 95% polymorphonuclear leukocytes were collected from rat and guinea pig peritoneal exudates induced with sodium caseinate; and human peripheral blood leukocytes were collected and washed as previously described (2) . Emulsions of heavy paraffin oil were prepared as previously described (2) . In a 2 X 6 cm plastic test tube 1 ml of heavy paraffin oil (Fisher Scientific Company, Pittsburgh, Pa.) containing Oil Red 0 (Allied Chemical Corp., Morristown, N. J.) was layered over 3 ml of Krebs-Ringer phosphate medium, pH 7.4, containing onethird the recommended amount of calcium (hereafter referred to as Krebs-Ringer phosphate medium) into which was dissolved the appropriate emulsifying agent. The final pH was adjusted to 7.4. The 2 mm tip of a Branson model LS-75 sonifier (Branson Instruments Co., Stamford, Conn.) was placed just below the lower level of the oil-liquid interface. Dispersion was achieved at a setting of 2.8 amp for 90 sec. For most studies Oil Red 0 was dissolved directly in the paraffin oil (2) , but greater concentrations of the dye in the oil were achieved by dissolving Oil Red 0 in chloroform, mixing this with the paraffin oil, and then removing the chloroform under vacuum at 60'C.
After preliminary experiments had established the time course of particle uptake, the following standard incubation system was utilized. Cells (3-5 mg of cell protein/ml or approximately 5%o v/v) were incubated in Krebs-Ringer phosphate medium, pH 7.4, total volume 4 ml, for 10 min in siliconized 25 (8) . Polylysyl-gelatin was prepared with N, N'-di-carbo-benzoxy-L-lysine anhydride (9, 10 Rabbit antiserum to bovine albumin was purchased from Difco Laboratories, Detroit, Mich. Guinea pig blood was obtained by cardiac puncture and allowed to clot in glass containers. The serum was separated by centrifugation and stored in lots at -70'C.
RESULTS
Kinetics of phagocytosis of paraffin oil emulsion. The data in Figs. 1-3 were obtained with guinea pig peritoneal exudate polymorphonuclear leukocytes suspended in Krebs-Ringet phosphate medium without glucose. The substrate for phagocytosis was paraffin oil emulsified with Fraction V from bovine serum. In the presence of a saturating quantity of particles, the rate of ingestion was constant for 5 min after a brief delay (Fig. 1 ). As shown in Fig. 2 , with about 3 mg of cell protein per ml, the initial rate of phagocytosis was essentially independent of substrate concentration above 10% (volume of emulsion added per total incubation volume). With 20% substrate, uptake during the first 4 min of incubation was directly proportional to cell concentration between 1 and 2.5 ml cell protein per ml (Fig. 3) . When lower concentrations of cells were used (as little as 0.3 mg/ml) this proportionality was maintained. When the Fraction V emulsion was used. essen- this question was not examined in detail, the absolute differences in maximal rates of uptake as expressed above probably reflect differences in homogeneity of the cell population and protein content per cell. Guinea pig exudate cells, because of their homogeneity, ready availability, and lack of tendency to agglutinate, were used for all of the studies described below. Effects of extracellular medium on phagocytosis. The initial rate of phagocytosis of Fraction V emulsion was not affected by addition to the medium of 5-20 mM glucose or fresh guinea pig serum (up to 20%). Antiserum to bovine albumin, with or without added guinea pig serum was also without effect. When the effect of extracellular ions was examined, the cells were washed and suspended in Krebs-Ringer phosphate medium lacking the ion in question. The appropriate ion was added where indicated during the 10 min incubation before addition of the substrate for phagocytosis. Omission of potassium from the medium or inclusion of ouabain, 10' M, did not alter the initial rate of phagocytosis. As shown in Fig. 4 , however, omission of magnesium decreased it by about 65%. In medium without calcium or magnesium there was no uptake of Fraction V emulsion. A maximal rate of phagocytosis of this emulsion was observed in the standard medium which contained 1.27 mm MgSO4 and 0.92 mm CaCl2.
The relationship between initial rate of phagocytosis and the rate of glucose oxidation. The time course of phagocytosis and of glucose oxidation in the presence of a saturating concentration of Fraction V emulsion is shown in Fig. 5 . Although phagocytosis had essentially ceased after 10 min, the stimulated rate of glucose oxidation was maintained constant for at least 20 min. The time relationships are qualitatively similar to those presented by Michell, Pancake, Noseworthy, and Karnovsky (12) in studies with cellular monolayers ingesting radioactively labeled starch particles. Quantitatively, the rate of uptake is more rapid in the system used here, presumably because of the geometric advantage of cells in suspension over cells adherent to surfaces. The experiment was performed in order to establish the optimal time points for comparing maximal rates of both processes as shown in Fig. 6 . The rate of phagocytosis was altered by varying the concentration of Fraction V emulsion. The increment in glucose oxidation during 20 min of incubation with paraffin oil emulsion was directly proportional to the initial rate of phagocytosis over the entire range investigated.
Effects of pharmacologic agents on the initial rate of phagocytosis. Sodium fluoride, 20 mm, and iodoacetic acid, 10' M, decreased the initial rate of phagocytosis by 60-85%. Dinitrophenol, 10' M, and potassium cyanide, 1 mm, were without effect. As shown in Table I , N-ethylmaleimide and colchicine inhibited the rate of (Table II) . Zero time values for methylated albumin were significant, and for emulsions prepared with histone, dextran, or DEAE-dextran the zero time values were as much as 55% of the total after 4 min of incubation (Table II) . Zero time values of starch emulsions were up to 78% of the total. Some emulsifiers, e.g., anionic and cationic detergents, lysozyme, and dextran-sulfate had deleterious effects on the cells producing gross agglutination and lysis. Paraffin oil emulsified with the Pluronic detergents was not taken up at all, and addition of albumin or serum to the incubation medium did not induce phagocytosis. In fact, a mixture of emulsions, 50% Fraction V (with Oil Red 0) and 50% Pluronic (without Oil Red 0) was taken up at only about 30% of the rate at which the Fraction V emulsion alone was ingested, although cells incubated with Pluronic emulsion exhibited no obvious morphologic changes (light microscopy). Tween 20 emulsion was ingested but at an extremely low rate.
As shown in Table III , emulsions prepared with crystalline albumin were taken up somewhat less rapidly than those made with Fraction V. Acetylated or succinylated crystalline albumin emulsions were ingested at rates equal to or greater than those observed with Fraction V emulsions. Methylated albumin emulsions on the other hand were taken up much more slowly. When treated with charcoal by the method of Chen (5), Fraction V, crystalline albumin and its acetylated derivative made emulsions that were ingested more slowly than those prepared with the respective untreated proteins. The rates of phagocytosis of emulsions prepared with histone and polylysyl-gelatin were similar to those of crystalline albumin emulsion (Table III) . The rate of ingestion of DEAE-dextran emulsion was also comparable. Emulsions prepared from dextran (not shown), horseradish peroxidase, gelatin, and methyl gelatin were ingested less rapidly (Table III) . Although the absolute rates of phagocytosis were variable from one experiment to another, the relationship of the rate of uptake of one type of emulsion to that of another was consistently reproducible.
Divalent cations were required for phagocytosis of crystalline albumin, acetylated albumin, dextran, and DEAE-dextran emulsions (Table IV) and also for the uptake of succinylated albumin, gelatin, and heparin emulsions (data not shown). Emulsions prepared with histone were ingested without divalent cations in the incubation medium, although these ions stimulated phagocytosis variably (0-48%). Engulfment of the histone emulsion occurred even in the presence of 1 mm EDTA (Table IV) . Emulsions prepared with methyl gelatin, polylysyl-gelatin, or cytochrome c were also ingested 620 in the absence of divalent cations (data not shown). Starch emulsion particles appeared to be phagocytosed equally well whether or not divalent cations or EDTA were present, but the high zero time values precluded reliable quantification of uptake.
DISCUSSION
The importance of initial rate for precise quantification of phagocytosis has been discussed by Michell et al. (12) . They emphasized that it is preferable to measure the accumulation of particles within cells rather than the disappearance of particles from the incubation medium and that the rate of phagocytosis should be independent of particle concentration. The method used in the present studies fulfills these criteria. It is simple and permits accurate measurement of the initial rate of phagocytosis. It should be noted, however, that since the emulsion droplets are heterodisperse, these substrates cannot be used to investigate phagocytosis of particles of defined size.
The paraffin oil emulsion is easily prepared and inexpensive. Its components, the emulsifier, the hydrocarbon, or the marker, can be varied when needed for specific experiments. Heavy paraffin oil is particularly suitable for the assay because its density (0.89) is low enough to facilitate separation of uningested particles from the cells, but is not so low as to cause floatation of the cells. A crucial attribute of a technique for measuring phagocytosis is its ability to distinguish between particles adsorbed onto the surfaces of leukocytes or trapped in leukocyte clumps from particles actually internalized. In this regard Fraction V emulsion or crystalline albumin emulsion has no tendency to aggregate or bind nonspecifically to the cells. The evidence for this contention is that zero time values are essentially zero, there is no cell-associated Oil Red 0 after incubation of cells and particles at zero degrees, and high concentrations of appropriate metabolic inhibitors completely prevent uptake of the emulsion. Furthermore, the rate of phagocytosis is independent of particle concentration when large amounts of emulsion are used. Thus it is possible to employ a large excess of particles thereby ensuring measurement of initial phagocytic rates. Another advantage of the method presented here is that complete extraction of Oil Red 0 from the washed cell pellets can be visually monitored. The spectrophotometric reading in the visible range obviates the need for spectral quality solvents and minimizes the possibility of unrecognized absorption of light by materials present in cellular extracts. With the technique described here it has been possible to establish kinetics of phagocytosis of precision and detail comparable to those provided by the studies of Michell et al. alluded to above and of Weisman and Korn who investigated uptake of polystyrene beads by Acanthamoeba (13) . The fact that a relationship exists between the magnitude of stimulation of hexose monophosphate shunt activity and the concentration of particles available for phagocytosis has been well established (1, (14) (15) . It is not surprising, therefore, that the initial rate of phagocytosis determines the degree to which the rate of glucose oxidation is stimulated. Thus the rate of glucose oxidation is a valid although indirect index of phagocytic rate and has been used for this purpose (16) . This relationship is emphasized in the context of studies by others with pharmacologic agents used in attempts to alter specifically metabolic aspects of phagocytosis. Reports of certain drugs effecting specific inhibition of metabolic processes such as glucose oxidation or respiration have appeared in which discrepancy between the sensitivity of the assays for phagocytosis and the metabolic measurements may have yielded the erroneous impression that metabolism but not ingestion was impaired. For example, N-ethylmaleimide (10-' M) has been reported to inhibit the stimulation of glucose oxidation without affecting uptake of polystyrene beads by rat polymorphonuclear leukocytes (17) . The tendency of polystyrene beads to stick to the surface of cells (18) may, however, have interfered with accurate estimation of ingestion (by light microscopy). In our studies, 10-' M N-ethylmaleimide markedly depressed the rate of uptake of paraffin oil by guinea pig and rat polymorphonuclear leukocytes.
Colchicine has been found to inhibit ingestion of paraffin oil emulsion (Table I) , uric acid crystals (19) , and zymosan particles (20) by polymorphonuclear leukocytes and to diminish the degree of stimulation of glucose-1-"4C oxidation associated with phagocytosis (19) . On the other hand, it has been reported that colchicine in concentrations comparable to those employed here inhibits degranulation and the increment in oxygen consumption secondary to phagocytosis without altering uptake of streptococci or staphylococci by human leukocytes (21) . Michell et al. have pointed out that the incubation medium in that study was essentially devoid of particles at the end of the experiments, implying that variations in phagocytic rate, phagocytic capacity, or both, could not be differentiated (12) .
Hydrocortisone 21-succinate, in high concentration (2.1 mM) has been reported to depress leukocyte oxygen consumption without affecting ingestion of Staphylococci (22) . Particle uptake was quantified in that study by counting particles in cells by light microscopy. We found that 2.1 mm of hydrocortisone 21-succinate caused considerable inhibition of phagocytosis of two types of emulsions. The inaccuracy of counting particles in cells has been documented (13) , and the tendency of certain bacteria to attach to the cell surface without being ingested (23) undoubtedly compromises the accuracy further.
In all of the above instances, our assay for the rate of phagocytosis uncovered subtle and occasionally major inhibition of particle uptake by the agents in question when such inhibition had not been appreciated by grosser methods. This technique, in combination with analysis of isolated phagocytic vesicles, has also been used to reexamine the effects of some other drugs thought to effect dissociation of ingestion from other phagocytic events. For example in a published study, ethanol, 85 mm, did not depress ingestion of staphylococci, as determined by the disappearance of the bacteria from the extracellular medium but was found to inhibit chematoxis (24) . We observed that ethanol at 85 mm but not at lower concentrations significantly inhibited the uptake of paraffin oil emulsion.
Bourne, Lehrer, Cline, and Melmon recently reported that theophylline, dibutyryl cyclic AMP, and other agents which probably increase the concentration of cyclic AMP in human leukocytes all inhibited uptake of 'P-labeled Candida albicans by these cells (25) .
The degree of inhibition of phagocytosis described is comparable to the diminution in initial rate of uptake observed by us. Bourne et al. (25) noted that theophylline and dibutyryl cyclic AMP depressed candidacidal activity of human leukocytes, and this depression was considered disproportionate to the degree of inhibition of phagocytosis. They postulated that the major mechanism of action of these agents may have been inhibition of degranulation. A similar hypothesis was recently advanced by Weissmann, Dukor, and Zurier to explain how theophylline and dibutyryl cyclic AMP apparently inhibited the release of lysosomal enzymes from phagocytosing leukocytes into the extracellular medium (20 Surface charge (26, 27) has been considered of importance in determining the acceptability of particles for ingestion. Paraffin oil particles prepared with a variety of emulsifiers were ingested by polymorphonuclear leukocytes. The emulsifiers were selected and modified to create particles with differences in net surface charge. We found that particles emulsified with albumin, acetylated albumin, and succinylated albumin (net strong negative charge at pH 7.4), histone, polylysyl-gelatin, and DEAE-dextran (net strong positive charge at pH 7.4) were ingested at comparable rates. On the other hand, dextran, probably starch (weak negative charge), methylated albumin, gelatin, and horseradish peroxidase (weak positive charge) emulsions were engulfed relatively slowly. Emulsions made with Tween 20 or Pluronic, nonionic detergents were taken up poorly or not at all. It is likely that the particles carried the net charge of the emulsifier, because it has been shown that minute amounts of albumin confer the electrophoretic mobility of that protein onto paraffin oil particles (28) . In general, it appears that a particle with a strong net charge, either positive or negative is ingested more avidly than an uncharged or weakly charged particle. Although methylated gelatin has a greater net positive charge than gelatin, emulsion prepared with the former was not ingested more rapidly than emulsion made with the latter. In the light of this finding it is of interest that methylated albumin emulsion was taken up very slowly, and emulsion prepared with Pluronic polyols which have methyl side groups, were not engulfed. Studies of solid-liquid interfaces 622 T. P. Stossel, R. M. Mason, J. Hartwig, and M. Vaughan have shown that methyl groups as outermost substitutents decrease adhesiveness (29) . Pluronic polyols are used to emulsify an experimental fluorocarbon blood substitute (30) , and it is appropriate that such particles are not phagocytized, but the possibility that the detergent inhibits phagocytosis of other particles deserves further investigation.
Polystyrene beads, which have a negative surface charge at physiologic pH (31) require divalent cations, preferably magnesium, for ingestion by leukocytes (32, 33) . Magnesium has also been found to enhance the phagocytosis of E. coli by granulocytes (34) . Metzger and Casarett reported that divalent cations, particularly calcium, stimulated the uptake of metal oxide particles with net negative charge, but not of carbon particles (presumably uncharged) or positively charged Fe2Os particles (35) . In the present study, divalent cations were required for the uptake of particles emulsified with albumin or acetylated albumin, negatively charged agents, but were also required for ingestion of particles emulsified with dextran, DEAE-dextran, and gelatin, weakly charged or cationic substances. Uptake of histone, lysine-rich histone, methylated albumin, methylated gelatin, polylysyl-gelatin, and cytochrome c emulsions did not require Mg"+ although particle uptake could occasionally be stimulated by divalent cations. The histone and cytochrome c used in these experiments had been dialyzed against EDTA. Moreover, emulsions of certain derivatives of albumin and gelatin did not require magnesium for uptake, although the proteins were not exposed to divalent cations during derivatization. Thus, the effect of divalent cations on particle uptake appears to depend on the nature of the phagocytic substrate, but does not bear a simple relationship to net surface charge of the particle.
One would like to ascribe the differences in rates of uptake of emulsions prepared with different substances to differences in their surface properties that influence cell-particle interaction. In addition to considerations of toxicity and instability of certain emulsions, however, small differences in mean particle size could alter the quantity of Oil Red 0 incorporated into the cells. Such size differences were not detected when the size distribution of particles of different emulsions was determined by sequential Millipore filtration (Millipore Corp., Bedford, Mass.), but this method is relatively crude. The tendency of some emulsions to adhere to cells without being ingested adds another difficulty. The emulsifiers that we have used are complex macromolecules whose characteristics in solution may not allow prediction of behavior at an oil-water interface. Moreover, the derivatization procedures are not entirely specific. Thus, we hesitate to force conclusions on the basis of the limited data preserved here, but believe that this approach may shed light on the recognition mechanism of phagocytosis.
